ABSTRACT: We present a new method to create dynamic nanobubbles. The nanobubbles are created between graphene and mica by reducing intercalated water to hydrogen. The nanobubbles have a typical radius of several hundred nanometers, a height of a few tens of nanometers and an internal pressure in the range of 0.5−8 MPa. Our approach paves the way to the realization of nanobubbles of which both size and internal pressure are tunable.
■ INTRODUCTION
Over the past decade, graphene has attracted much scientific attention.
1 Graphene is a two-dimensional (2D) material that consists of sp 2 hybridized carbon atoms arranged in a honeycomb network. It is the strongest known material and its charge carriers show an extremely high mobility. 2, 3 Other important properties are its flexibility and its impermeability to gases. 2, 4 These two properties have been exploited by several researchers to produce small, static high-pressure cavities, referred to as nanobubbles. 5−9 Nanobubbles that vary in size have already been produced by applying an electric field and the use of illumination by light. 10, 11 In addition, small graphene sealed nanocavities have been used as pressure sensors. 12 We have developed a method in which the size of the nanobubble can be varied electrochemically.
In our method, we make use of a graphene−mica interface immersed in water, which results in the diffusion of water between the two materials. 13−17 The thickness of the graphene membrane, referred to as a graphene blanket, varied from a single layer up to a few layers. Mica is also atomically flat and in contrast to grapheneis hydrophilic and electrically insulating. 18 Since the sample is immersed in water, electrolysis can be performed by directly applying a potential to the graphene blanket. Applying a reducing potential results in the reduction of the intercalated water to hydrogen gas
2H O(l) 2e H (g) 2OH (aq) 2 2 (1)
which eventually leads to the formation of hydrogen nanobubbles. The advantage of our method is that we work in an aqueous environment. Therefore, if needed, chemicals can be inserted into the nanobubbles. One method is to trap the chemicals during the deposition of the graphene on the mica surface. Another method to do this is by adding the chemicals to the electrolyte. These chemicals will dissolve in the water and can diffuse between graphene and mica, if their size is not much larger than a nanometer. The chemicals will then enter the nanobubbles and react under the high pressure. The method of forming gas under a graphene blanket can also be used to study the evolution of gas from other working electrode materials and in other electrolytes at low overpotentials. By optical microscopy and atomic force microscopy (AFM), we report compelling evidence that the nanobubbles are formed by electrolysis. Further, our results provide a strong indication that the nanobubbles grow under the graphene blanket rather than on top. We also provide convincing evidence that the nanobubbles nucleate between graphene and mica rather than between the graphene layers. Also, we show that the pressure inside the nanobubbles is in the MPa range. Next, we show the level of control we have over the nanobubbles through applying electrochemistry. We end by studying the growth and dissolution time of the nanobubbles.
■ EXPERIMENTAL SECTION
Samples were prepared using the mechanical exfoliation method. 13, 19, 20 A clean ∼2 × 2 cm 2 mica surface (muscovite mica; highest quality) was prepared by freshly cleaving a thick piece of mica. After this step, a freshly cleaved flake of highly oriented pyrolytic graphite (HOPG; grade ZYA, MikroMasch) was deposited on top of the mica under ambient conditions. This was achieved by gently pressing the flake, taking care that no scratches were formed at the mica surface. Next, the HOPG flake was removed from the surface of the mica, resulting in some residual layers of graphene remaining attached to the surface. This procedure was performed without use of adhesive tape, since such tapes can lead to contamination. 21 Suitable graphene flakes and the number of graphene layers were identified using optical reflection microscopy. 22, 23 To establish an electrical connection from the graphene sample out of the electrochemical cell, a large HOPG flake was deposited on top of the graphene flake. This was done at the location of a thick-layered graphene area which was not otherwise of interest during the experiment. How this large HOPG flake is connected to outside the electrochemical cell will be discussed in the next paragraph.
On top of an AFM sample plate, a small white Teflon plate was placed to provide optical contrast. The sample was placed on top of the white Teflon plate. A rubber O-ring was pressed tightly onto the sample by placing an anodized aluminum liquid cell plate on top of it. This liquid cell plate was pressed tightly to the O-ring by two springloaded pins in combination with two cell clamps. In this arrangement, no movement of the sample due to electrostatic interactions was possible. The sample is placed in such a way that the large HOPG flake passed under the O-ring. A small tinned copper wire makes electrical contact with the HOPG flake outside the liquid cell and completes the electrical connection. The tinned copper wire was not in contact with the water. A platinum wire was inserted into the cell, which acted as a counter electrode. As the electrolyte, ∼0.7 mL purified water (Milli-Q, 18.2 MΩ·cm) was used. The water was inserted into the cell by use of a BD DiscarditII 2 mL syringe, without a disposable needle to avoid PDMS contamination. 24 The items in contact with the water were as follows: the sample, the rubber O-ring, the anodized aluminum liquid cell plate, the platinum wire and the AFM nose cone, and the optical microscope objective.
Working in a clean manner is essential since contamination must be avoided. Before each measurement, the O-ring, liquid cell plate, and platinum wire were cleaned. First, the items were sonicated in a 2-propanol bath (EMSURE, analytical quality) for about 10 min and afterward rinsed with Milli-Q water and then blown dry with nitrogen gas. After this cleaning step, the items were sonicated in an ethanol bath (EMSURE, analytical quality) for about 10 min and rinsed again thoroughly with Milli-Q water and then blown dry with nitrogen gas. The cleaning procedure was finalized by rinsing the top of the AFM nose cone with Milli-Q water and then blown dry with nitrogen gas, since this part is in contact with the electrolyte during scanning.
The precise configuration of the electrochemical cell varied between the experiments. For the measurement with the optical microscope in which we applied a voltage sweep to the sample, an electrochemical cell with a three-electrode configuration was used. In this case, a saturated calomel electrode (SCE; REF421, Radiometer Analytical) was used as the reference electrode. The three-electrode configuration was used to make a quantitative statement of the exact voltage at which the nanobubbles nucleated. For the optical microscopy experiment in which we studied the growth or dissolution dynamics and for the AFM experiments, a smaller and more convenient AFM electrochemical cell was used in a two-electrode configuration. Here the counter electrode also served as the reference electrode. This is a more controlled configuration and we can directly compare both optical and AFM experiments. In this electrochemical cell, there was no space for a large reference electrode.
Control over the electrochemical cell was achieved by using a potentiostat (Princeton Applied Research, model 273A). During the measurements in the AFM, the potentiostat was operated in the constant current mode (chronopotentiometry), in which a constant current was applied to the working electrode, graphene in our case. This mode was used since the current, which correlates to the amount of evolved hydrogen gas, could easily be substantially increased to higher values. We started with applying a current of −1 nA. Afterward, we applied −10 nA, −100 nA, −1 μA, −10 μA, and so on, until we saw the nucleation of nanobubbles. This gradual increase was needed to see the onset of the nucleation of nanobubbles. Early delamination of the graphene at a too high current (significant gas evolution rate) must be prevented since delamination hinders the nucleation of new nanobubbles in this area. During the optical microscopy experiment where we wanted to find the exact onset of the nucleation of nanobubbles, we used the voltage sweep mode to scan along a continuous range of voltages. During the optical microscopy experiment to study the growth and dissolution dynamics of the nanobubbles, the potentiostat was operated in constant current and in the constant voltage mode (chronoamperometry). We started off by substantially increasing the current, as stated above. When we saw the nucleation of nanobubbles we increased the gas evolution more slowly. We established this by switching to constant voltage mode where we increased the voltage by steps of 0.25 V, starting from the voltage which corresponded to the current when the nanobubbles nucleated.
A small current and potential range was used during the experiments. Only small negative currents and voltages were applied to create nanobubbles in the two-electrode configuration: typically currents between −100 nA and −10 μA with matching voltages of −0.88 V and −3.19 V, respectively. When we applied higher negative currents, large hydrogen bubbles nucleated on top of the graphene blanket. Those large bubbles that grew on top hindered the opportunity to monitor the growth of nanobubbles underneath the graphene by using AFM. During the application of positive voltages to the sample, for example, a voltage of 2.75 V (current was 7.5 μA), we saw with optical microscopy that besides the formation of oxygen nanobubbles, the graphene also started to oxidize. This oxidation has been studied by Matsumoto et al. and we refer to their article for more information. 25 Due to this oxidation and the limited additional information we would obtain, we decided not to study oxygen nanobubbles with AFM at lower positive potentials.
The optical experiments were carried out using a Leica DM2500 MH optical microscope in combination with a Leica HCX APO L 40×/0.80 W U−V−I objective and an EO-1312C Edmund Optics or PCO PixelFly CCD camera. This optical microscope was operated in the reflective light mode, where the microscope objective and the light source are both positioned above the sample. The AFM measurements were performed using an Agilent 5100 AFM, using intermittent contact in the constant amplitude mode. The following two AFM tips were used: (i) a NANOSENSORS SSS-FMR-10 (with a nominal spring-constant of 2.8 N/m and a resonance frequency of 75 kHz); and (ii) a MikroMasch HQ:NSC36/AL BS C (with a nominal springconstant of 0.6 N/m and a resonance frequency of 65 kHz).
■ RESULTS AND DISCUSSION
A schematic illustration of the sample under ambient conditions is shown in Figure 1a . For clarity, the AFM sample plate, the white Teflon plate, the liquid cell plate, AFM nose cone, optical microscope objective, the two spring-loaded pins, and the two cell clamps are omitted from the schematic illustration. The AFM nose cone or optical microscope objective was placed above the sample, also immersed in the water. The graphene in this illustration can be seen as the combination of the graphene flake and the large HOPG flake used for the electrical connection. Note the image is not to scale. Since samples were prepared under ambient conditions, a double bilayer of intercalated water is always present between the graphene and mica. 14,26−28 The layered structure of the graphene blanket is illustrated with a B-type step edge. B-type step edges are steps that are on the bottom surface of the graphene flake. At a B-type step edge, a bottom layer of graphene ends, resulting in the top layer of graphene following the topography of the bottom layer. This B-type step edge is also shown in Figure 1a ,b, although one has to take into account that we deal with a graphene blanket during all experiments.
In Figure 1b , the sample immersed in water is represented schematically. The water on top of the graphene is referred to as the bulk water and the water intercalated between graphene and mica is designated as the thin water film. Under all circumstances the bulk water is considered to be in equilibrium with the thin water film. Since graphene is impermeable to gases, water is assumed to diffuse between graphene and mica by direct contact with the bulk water at the edge of the graphene blanket. 13−17 An optical microscopy image of the sample immersed in water is shown in Figure 1c . In that image, the numbers within the dotted areas refer to the number of graphene layers, as deduced from the optical contrast.
A schematic representation of the AFM electrochemical cell during electrolysis is given in Figure 2a Figure 2c (IV) shows that after 1.37 s the gaseous domain developed further into a hexagonally shaped nanobubble. Theoretical calculations show that a point load on graphene results in the axis-symmetrical deformation of graphene. 29, 30 This leads us to assume that the shape of the nanobubble is predominantly determined by the hexagonally atomic lattice symmetry of the graphene and the triangular atomic lattice symmetry of the mica. 5, 10 In Figure 2c (V), 1.51 s after the nanobubble nucleated, the nanobubble collapsed due to delamination of the graphene from the mica toward the edge of the graphene blanket and hydrogen gas was released. A video of this measurement can be found in the Supporting Information. That nanobubbles nucleate shows that ion transport is still active in the thin water film. However, it remains unclear what exactly takes place between graphene and mica following reduction of the confined water.
We used AFM to reconfirm that the nanobubbles grow due to electrolysis and to study the topography of these nanobubbles. Figure 3a shows an AFM image taken under ambient conditions. The step-like features, which result from the multilayer nature of the graphene blanket, are clearly visible. The dashed white square marks an area where a nanobubble will nucleate. That a nanobubble only nucleates at this location is probably related to the presence of a B-type step edge or a defect. A graphene ripple, thus a possible defect, was seen in this area, pointed out by the white arrow. One can also see that at this location there is an elevation of the graphene, possibly by a B-type step edge or wrinkle. The graphene thickness in this area was measured by AFM to be about 15 layers thick. Figure 3b shows an AFM image of the same area on the sample in aqueous environment. The topography of the graphene remained unchanged. Since the AFM works in liquid, the change in thickness of the water film between graphene and mica cannot be compared directly to that under ambient conditions.
During electrolysis, a change in topography was observed when a current of −100 nA was applied (voltage was −0.88 V), as shown in Figure 3c (I). This topography change is due to the nucleation of a hydrogen nanobubble between graphene and mica. The graphene at this location partly delaminates from the mica, leading to the formation of a new nanobubble. The voltage and current at which this nanobubble nucleated in the two-electrode configuration was lower compared to that in the three-electrode configuration (Figure 2 ). In the latter case, the presence of the SCE reference electrode probably led to an increase of ions which could travel through the membrane of the reference electrode into the electrolyte, thereby increasing the current. The higher voltage shown in Figure 2 may be related to a larger distance between the working electrode and the reference electrode as well as the counter electrode in the optical microscopy electrochemical cell. This effectively increases the resistance. Please note that the nanobubbles we viewed under AFM are smaller than those we saw under optical microscopy. Due to further evolution of hydrogen gas during prolonged electrolysis, the pressure inside the nanobubble increases, resulting in further delamination and thus growth of the nanobubble, which is shown in Figure 3c(II and III) . The size of the nanobubble slowly increased until it saturated after about 19 min. At this point, we assume that a dynamic equilibrium exists between the evolution of hydrogen gas into the nanobubble and the dissolution of hydrogen gas out of the nanobubble into the thin water film. The asymmetry between the top and bottom areas of the nanobubble as shown in Figure  3c (II and III) is due to the graphene ripple, which is found precisely on top of the nanobubble. The height of the nanobubble in Figure 3c (III) is 10.9 nm and its average footprint radius is 333 nm. When the magnitude of the current was increased further to −400 nA (voltage was −1.51 V), the size of the nanobubble increased, as shown in Figure 3c (IV). At this higher current, a new dynamic equilibrium was established. The height of the nanobubble had increased to 24.5 nm and the average radius had increased to 410 nm. The footprint area of this nanobubble was 0.82 μm 2 and its volume was 9.9 aL. To summarize, by comparing the topography of graphene on mica under ambient conditions, in an aqueous environment and during electrolysis, we have presented compelling evidence that nanobubbles nucleate as a result of electrolysis. Figure 4a shows an AFM image of nanobubbles of another sample. From the nanobubble shape and topography in the optical images in Figure 2c and the AFM image in Figure 4a we have a strong suggestion that we deal with nanobubbles under the graphene blanket. The matching phase image of Figure 4a is given in Figure 4b . From an AFM phase image, i.e., contrast image, one normally can determine whether observed features are on top or below the graphene. In Figure 4b one can see there is a phase difference at the location of the nanobubbles. This suggests a change in elastic response of the surface, which may be related to a different material or even a particle underneath the AFM tip. However, we do not relate this phase difference to the presence of particles on the graphene surface, but rather to the AFM imaging technique. Scanning elevations at a low set point ratio might influence the AFM phase image.
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The contrast between the left and right sides of the nanobubbles we interpret as due to parachuting of the AFM tip. Here the AFM tip detaches from the surface in an inclined region and it takes some time until the tip lands on the same surface again. 32 Furthermore, scanning charged surfaces in aqueous environment might distort the phase image in elevated regions. Electrolysis will also increase the temperature of the water, which may also lead to a change in set point ratio, thus scanning conditions. Due to the curved nature of nanobubbles, convolution also might influence our AFM measurements. Actual nanobubble radii might therefore be slightly smaller. If we would have seen nanobubbles on top of the graphene, they would have had a more spherical shape, as can be seen in the literature where the authors electrolytically formed hydrogen nanobubbles on top of HOPG. 33−35 The absence of those spherical nanobubbles on top of the graphene in our experiments might be due to different scanning parameters, for example, a different set point ratio.
Several authors have proposed that nanobubble stability on top of surfaces might be related to contact line pinning. 36, 37 Nanobubble contact line pinning is the phenomena where nanobubbles pin to a surface due to chemical and geometrical surface heterogeneities. Theoretical calculations suggest that line pinning can stabilize nanobubbles by a severe amount of magnitude. When the nanobubbles are not pinned, they are expected to dissolve within a time τ life
where R is the radius of curvature of the nanobubble, ρ g is the gas density, D is the diffusion constant, and c s is the gas solubility; for hydrogen, When we use the dimensions of the nanobubble in Figure  3c (IV) and by applying a deconvolution to obtain a more accurate footprint radius, we obtain R = 3.92 μm. When we insert this value into eq 2, we expect a lifetime of ∼97 ms. This short lifetime might explain the absence of nanobubbles on top of the graphene during our experiments. Water can more easily intercalate between graphene and mica than between the layers of graphene due to the lower adhesion energies between the two materials. 41, 42 Water intercalation in HOPG has been investigated previously. 43, 44 The authors applied a positive potential to HOPG which resulted in the nucleation of oxygen blisters. However, in Figure  2c (V) we see a strong signal that the nanobubbles grow between graphene and mica. From a sequence of optical images after the image in Figure 2c (V) we see that the entire graphene blanket moved up and down after delamination. This motion gave strong evidence that the nanobubbles nucleate between graphene and mica and not between the graphene layers.
To calculate the pressure difference Δp of the nanobubble compared to the environment, Hencky's solution is used: 45, 46 
where K is a coefficient depending on ν, the Poisson's ratio of graphene, E is the Young's modulus of graphene, t is the thickness of the graphene blanket (a monolayer graphene is 0.335 nm high), h is the height of the nanobubble, and r is the footprint radius of the nanobubble. Equation 3 considers a geometrically nonlinear response of the isotropic elastic membrane subjected to a pressure difference across the membrane. For graphene ν = 0.16, K (ν = 0.16) = 3.09, and E = 1 TPa. 2,47−49 For the nanobubbles shown in Figure 3c (III and IV), we get pressures of 1.58 and 8.18 MPa inside the nanobubble, respectively, by applying eq 3.
Electrochemically we can vary the size and thus the pressure of the nanobubbles, as we have shown in Figure 3c . An AFM image of nanobubbles on another sample was obtained after applying a current of −1 μA for 13 min (voltage was −1.55 V), as shown in Figure 5a . However, the nucleation of these nanobubbles was not captured. The thickness of the graphene blanket was measured by AFM to be 4−6 layers. The heights of the top, middle, and bottom nanobubble are 11.5, 11.4, and 7.5 nm, respectively. The average footprint radii are 345, 313, and 315 nm, respectively. The matching pressures can be calculated by applying eq 3, resulting in 0.65 MPa, 0.90 and 0.32 MPa, respectively. Small differences in size and shape are probably related to differences in the local geometry of the graphene blanket. After 35 min at a current of −1 μA, the size of the top nanobubble has reached equilibrium, as shown in Figure 5b . Its average radius is 593 nm and its height is 15.6 nm.
The nanobubbles prefer to grow under a thin graphene blanket. We see that nanobubbles nucleate in areas both above and below the thicker graphene area, marked by the number 5 in Figure 1c . If the graphene blanket is too thick, in for example a flake of HOPG, we do not see nanobubbles since HOPG is hardly bent by the nanobubbles. In Figure 3c (I), the nanobubble had nucleated at the location of a defect, as shown by the graphene ripple. In Figure 5a , two of the three nanobubbles have nucleated at a B-type step edge. At a B-type step edge, a larger amount of water is available to promote ion transport compared to places without a B-type step edge. The location where nanobubbles nucleate sheds more light on the delamination process during the bubbling transfer method, typically used in the transfer of large graphene sheets. 50−52 In this method graphene is removed from a substrate (for example, copper), by immersing the system in water and applying a potential to the substrate. The formation of hydrogen gas detaches the graphene from the substrate. That bubbles grow at defects and B-type step edges can be considered when further improving the bubbling transfer method.
Delamination starts when the pressure inside the nanobubble overcomes the adhesion energy between graphene and mica, intercalated with water. After 38 min at a current of −1 μA, the nanobubble in the middle disappeared, as shown in Figure 5c . Due to the high pressure inside the nanobubble, the graphene delaminated toward its edge and the gas directly dissolved into the bulk water. Note that delamination is an irreversible process. Once the graphene delaminates, no new nanobubbles can be created in this area. The nanobubbles are not exclusively in contact with the thin water film between graphene and mica anymore, but also with the bulk water. By increasing the current to −10 μA (voltage was −3.19 V), the size of the top nanobubble increased further and also eventually disappeared due to delamination of the graphene, as shown in Figure 5d . Rupture of the graphene itself is unlikely since it is expected that graphene prefers delamination due to a low graphene− mica adhesion energy, as will be shown in the next paragraph. Furthermore, graphene is flexible and strong. 2, 4 The difference in the time until delamination between the nanobubbles might be related to a difference in local geometry of the graphene blanket. The distance away from a B-type step edge might also influence the stability of the nanobubble. The long lifetime of the bottom nanobubble might be related to the absence of a Btype step edge in its vicinity. At this location there might have been a defect which fostered the nucleation of this nanobubble. So we can change the size and pressure of nanobubbles by applying electrochemistry, but control over the exact size and pressure is still limited.
To better understand why the graphene easily delaminates, we look at the adhesion energy Γ between graphene and mica. This adhesion energy can be calculated by using the following equation: This equation points out a linear relation between the height of the nanobubble and its radius when the other parameters remain constant. To experimentally obtain the adhesion energy between graphene and mica, the radius of the top nanobubble in Figure 5a −c is plotted as a function of the height in Figure  5e . A thickness t of 5 layers graphene is taken. By fitting and using eq 4, we get a value for the adhesion energy of 0.077 ± 0.006 mJ/m 2 . This value is lower than the theoretically predicted value of 1.79 mJ/m 2 between monolayer graphene and mica. 42 The latter amounts to 29.3 meV per carbon atom, where 3.82 × 10 17 m −2 is taken as the atom density of graphene. 55 The lower adhesion energy we get is probably the result of the multilayer nature of the graphene we use. In addition, the intercalated water between graphene and mica, which increases the graphene−mica distance, might reduce the adhesion energy.
To explore the time response, we studied the growth and dissolution times of the nanobubbles using optical microscopy. In Figure 6a , the sampleimmersed in water and before electrolysisis shown. The purple encircled black dots are due to impurities on the CCD camera. The graphene had already delaminated a little since currents of −1 μA (voltage was −2.28 V) and −1.17 μA (voltage was −2.5 V) were applied before this image was captured. The application of these currents resulted in the nucleation of small nanobubbles. One of these locations is indicated by the blue arrow. This observation can be explained by a not fully reversible deformation of the graphene blanket during growth and dissolution of the nanobubbles. Here the graphene layers are believed to slide over one another under the influence of the exerted pressure. These nanobubbles at −1 μA and −1.17 μA were observed to nucleate at higher currents than during the experiments by AFM in Figure 3 . Here also, the nanobubbles are expected to nucleate around −100 nA and a voltage of −0.88 V, but the nanobubbles were simply too small to be observed under an optical microscope. Larger nanobubbles, which are indicated by arrows, nucleated under the graphene blanket when at t = 0 a voltage of −2.75 V was applied, as shown in Figure 6b and d. At the left axis in Figure  6d , the increase in area of four individual nanobubbles is plotted versus time. The colored curves match to nanobubbles as pointed out by the arrows of the matching color in Figure 6b . After about 5 s, the nanobubbles reached dynamic equilibrium and did not grow any further. This equilibrium is established more rapidly than for the nanobubbles viewed by AFM, which is probably related to the higher electrochemical current. At this voltage, the current started to deviate around −1.3 μA, which is shown at the right axis of Figure 6d , matching the black line. This small change in current is assumed to originate from a change in geometry of the graphene blanket when nanobubbles nucleate. Note that the small change in area during electrolysis correlates to the small change in current when the voltage is switched to a constant value. This confirms that the size of the nanobubbles is directly dependent on the electrochemical current. After about 65 s, the voltage was switched off and the evolution of hydrogen gas stopped. Within about 10 s, the hydrogen gas in the nanobubbles completely dissolved into the thin water film. A video of this measurement can be found in the Supporting Information. By using the diffusion equation
where ⟨x 2 ⟩ is the mean squared displacement, we estimate a 2D hydrogen diffusion constant on the order of 10 −14 m 2 /s. This value is markedly lower than the 3D diffusion coefficient of hydrogen. The lower value is probably related to the confined nature of the intercalated thin water film. The water will be ordered and reduces the lateral mobility of the hydrogen. We estimate that the water thickness is around 1 nm, which is within the range where van der Waals forces between graphene and mica are still significant. 16 Due to local geometry differences in the graphene blanket, the dissolution times slightly varied between different nanobubbles. Note that not all nanobubbles returned to their original shape, as shown, for example, by the nanobubble pointed out by the blue arrow in Figure 6c . The dissolution time of the nanobubbles under the graphene blanket is in the range of 5 to 15 s, which is significantly longer than the dissolution time expected for unpinned nanobubbles on top of the graphene blanket. In that case, lifetimes are in the millisecond range, as predicted by eq 2.
■ CONCLUSIONS
We have shown that we can nucleate dynamic hydrogen nanobubbles between graphene and mica by use of electrochemistry. Optical microscopy and AFM images strongly suggest that the nanobubbles grow underneath the graphene blanket. From optical microscopy images, it became obvious that the nanobubbles nucleated between graphene and mica, but not between the graphene layers. The pressure inside the nanobubbles is found to be in the MPa range. At higher electrochemical currents the nanobubbles reach dynamic equilibrium within a few seconds and dissolve in tens of seconds. Although we can vary the size and pressure of the nanobubbles by varying the current or voltage, we cannot control their exact size or pressure. In addition, the exact locations at which nanobubbles nucleate cannot be predicted beforehand. To conclude, we showed the first steps of control over nanobubbles between graphene and mica. A suggestion for further research would be to aim for more control over these nanobubbles.
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